ABSTRACT
INTRODUCTION
Due to their favourable mechanical properties, plastically worked 7000 series aluminium alloys have recently become an object of intensive examination, especially abroad. In Poland, the 7000 series alloy was used, among other applications, for building the superstructure of the 620 project vessel. Generally, the vessel's hull, (including the superstructure), is subject to heavy dynamic loads in unfavourable sea environment, which lead to high material effort. One of unfavourable properties of the plastically worked 7000-series aluminium alloys is their susceptibility to corrosion, especially layer corrosion in sea water environment. A rigorous parameter which determines usability of a given material for constructions which are subject to loading in sea environment is its stress-corrosion resistance. The article aims at determining the stress-corrosion resistance of the EN AW-AlZn5Mg1,5CuZr alloy in the aspect of microstructural changes resulting from the applied heat treatment.
THE ESSENCE OF STRESS CORROSION OF 7000 SERIES ALUMINIUM ALLOYS
Material stress corrosion is the synergic action of the corrosion environment and mechanical stress. It manifests itself by the appearance of cracks in the metal or alloy caused by the corrosion environment and static tensile stress. The cracks resulting from the stress corrosion are situated perpendicular to the direction of tensile stress action and can have the intercrystalline, intracrystalline, or mixed form. Observations of stress cracks have revealed that a period of incubation frequently takes place before the appearance of a detectable crack. The intensity of microcracks forming in this period can be evaluated by examining changes of mechanical properties caused by structural changes of the alloy over different timeintervals of the stress-corrosion test.
The plastically worked Al-Zn-Mg alloy systems which are to be used in marine constructions should reveal sufficiently high mechanical properties along with high resistance to cracking in the conditions of simultaneous action of mechanical stresses and corrosion environment.
Publications [1] [2] [3] [4] [5] [6] 13 ] present the effect of selected media on the resistance of Al-Zn-Mg alloys to stress corrosion.
The present article mainly focuses on determining the effect of heat treatment on the resistance of the examined aluminium alloy to stress corrosion. The effect of heat treatment parameters on mechanical properties of this alloy was discussed in this article.
The results of the investigations have shown that in the Al-Zn-Mg alloy systems with total contents of Zn + Mg > 5 % better stress-corrosion resistance is obtained, along with good mechanical properties, when a special heat treatment is applied which includes cooling with a "stop". This procedure preserves both good mechanical properties and high stress-corrosion resistance [7] .
The type of aging after heat treatment remarkably affects the resistance of Al-Zn-Mg alloy systems to stress corrosion. Low aging temperatures (< 100 °C), in combination with longer times of aging, worsen the stress-corrosion resistance [2, 3, 6] , while two-stage aging in temperatures close to the critical temperature of GP zone solubility, especially at, t s > t k increases the resistance to stress-corrosion cracking of the majority of alloys [2] .
Heat treatment introduces changes in the structure of the metal. The stress-corrosion cracking is affected by the following factors: -the PFZ width along the wide-angle grain boundaries; -the structure of dislocations and vacancies caused by cooling after heat treatment; -the structure of precipitates inside the matrix; -the size and concentration of precipitates on grain boundaries [3] .
Another parameter which affects stress-corrosion cracking is the presence of time-dependent tensile stresses. In aluminium alloys the increased tensile stresses almost always lead to the reduction of material durability [8, 9] . The relation between the crack appearance time and the stress σ which is proposed for the majority of materials has the form [10] σ = -k · logt + c (1) where: k, c -experimental constants.
In publication [10] the following relation is given:
where: n -experimental constant.
Taking into account the effect of the examination temperature (T) leads to the relation [11] : (3) where: K 1 , c -experimental constants, R s -gas constant, Q a -energy of activation (9 ÷ 20 kcal/mol).
Publication [12] proposes the following empirical relation σ = k · t -a (4) where: k, a -empirical constants.
MATERIAL USED FOR TESTS. CHARACTERISTICS OF HEAT TREATMENT PARAMETERS APPLIED TO EN AW-ALZN5MG1,5CUZR ALLOY
The stress-corrosion resistance of Al-Zn-Mg alloy systems was examined using 10 mm thick sheets of EN AWAlZn5Mg1,5CuZr alloy. At delivery conditions, the above alloy was artificially precipitation hardened (supersaturated at the temperature of 480 °C/30 min., cooled in water of temperature of 20 °C, naturally aged during 48 hours, and finally artificially aged in two stages: 90 °C/8 h+135 °C/28 h). In order to determine the effect of alloy heat treatment on stress corrosion the alloy was exposed to various heat treatments. The chemical constitution of the alloy and parameters of the applied heat treatments are given in Table 1 .
The materials after heat treatment were used for cutting samples from aluminium sheets in the direction perpendicular to the direction of rolling. Mechanical properties were examined on the universal testing machine MTS 810.12, for sample loads ranging up to 100 kN and the traversing speed equal to 2 mm/min, according to the PN-ISO 377-1:1994 standard.
The stress corrosion at constant load (F = const) was tested in a rig consisting of 12 independent sections which provided opportunities for simultaneous tests of 12 samples. The corrosion solution was the 3 % solution of NaCl, refreshed after each 7 days. The testing time was 1500 h. The temperature 
RESULTS OF TESTS AND THEIR ANALYSIS
Mechanical properties of the EN AW-AlZn5Mg1,5CuZr alloy were tested in different heat treatment states (Table 1) . The heat treatment parameters (T61, T62, T63), excluding the variant labelled as T4 (natural aging), significantly differ between each other only by the rate of cooling after heat treatment.
The mechanical properties of the examined alloy recorded for different heat treatment states are given in Table 2 . The tests have proved that after the heat treatment denoted as T63 (cooled in air after heat treatment) the examined alloy had relatively poor mechanical properties, but remarkable plastic elongation (contraction).
In state T62 (cooled in hot water after heat treatment) the alloy had much better mechanical properties and good plastic properties, but the same alloy in state T61 (cooled in cold water after heat treatment) revealed the best mechanical properties and the worst plastic properties. In state T4 (natural aging), the alloy revealed relatively high tensile strength, but the lowest yield point.
In order to recognise possible reasons for such large differences of mechanical properties revealed by the examined alloy, the chemical constitution of which remained unchanged in all tests, the structural analysis of samples representing different heat treatments was conducted.
Metallographic specimens for microanalysis were polished and then etched using the Wasserman's reagent. Photos were taken and observations were performed in the optical microscope Neophot -2. Moreover, the microstructures of the examined alloy were observed on thin foils in the transmission electron microscope Tesla-300. The foils were prepared on abrasive papers using a standard method, and then were electropolished in the solution having the following composition: 20 % perchloric acid, 80 % ethyl alcohol. The temperature of the electrolyte was approximately equal to -40 °C.
Analysing microstructures of the EN AW-AlZn5Mg1,5CuZr alloy for different heat treatment states. Figures 1 ÷ 3 show the alloy microstructures for selected heat treatments.
The conducted microanalysis has made it possible to determine the PFZ width of the examined aluminium alloy for different heat treatments. The results are given in Table 3 . The conducted microanalysis has indicated clear correlation of the structure and mechanical properties of the examined AlZn-Mg alloy with the type of the performed heat treatment. The static tensile test has shown that in state T61 the alloy has better mechanical properties than in states T62 and T63. Separation of GP zones was observed in the alloy structure obtained as a result of cooling in cold water after heat treatment (T61) (Fig. 6) . Their presence could be concluded from the so-called "tweed structure", being the effect of the first decomposition of solid solution. The observed precipitate free zones (PFZ) adjacent to grain boundaries had the width of 50 ÷ 80 nm.
Tab. 3. PFZ width of the EN AW-
Larger MgZn 2 phase precipitates could be observed at grain boundaries. In the material which was air cooled after heat treatment (state T63 - Fig. 4 ) remarkable decomposition of the solid solution took place. Observed were fine precipitates of the transient phase η′ and the equilibrium phase T which separated directly from the solid solution during slow cooling after heat treatment. PZF zones of 400 ÷ 600 nm in width were observed as well.
In the microstructure of the aluminium alloy in state T62 (cooling in hot water after heat treatment) shown in Fig. 5 fine precipitates of the transient phase η′ were observed inside the grains. The η phase (MgZn 2 ) precipitates which were observed at grain boundaries were arranged in rows. The PFZ width was of an order of 120 ÷ 200 nm.
The microstructure of the aluminium alloy in state T4 (natural aging after heat treatment) was characteristic for the presence of continuous η phase precipitates at grain boundaries. Inside the grains, the observed "tweed structure" testified to the presence of GP zones. Figure 4 illustrates the effect of the PFZ width on mechanical properties of the examined aluminium alloy. The conducted microstructure analysis and static mechanical tests of the EN AW-AlZn5Mg1,5CuZr alloy have made the basis for determining the relation between the width of the precipitate free zone (PFZ) and mechanical properties. The microanalysis has showed that the PFZ width depends on the method of alloy cooling after heat treatment (more precisely: on the cooling rate). The increasing rate of cooling after heat treatment results in smaller PFZ width, which manifests itself by increased mechanical properties and decreased plasticity. The stress corrosion of the alloy was examined in different heat treatment states for the initial stress level σ 0 /R 0.2 = = 0.60 ÷ 1.0 in time t = 1500 h. After being exposed to corrosion, samples were torn on a universal testing machine MTS 810.12 in order to determine their mechanical properties.
From among 12 samples tested in state T61, 4 samples cracked in time t < 1100 h. The average durability of the material used for preparing samples did not exceed t = 1000 h at stress level σ 0 = 332 MPa, and t = 2000 h at stress level σ 0 = = 100 MPa (Fig. 5) . Figure 5 shows the curve of stress-corrosion durability of the aluminium alloy for the state T61. The accompanied changes of mechanical properties of the examined alloy after stress-corrosion exposition are given in Table 4 .
Stress-corrosion tests of the alloy in state T63 have shown that none of the tested samples cracked during the testing time t = 1500 h. Symptoms of layer corrosion on samples were not observed either. The heat treatment remarkably affected the stress-corrosion resistance. The stress-corrosion tests have made the basis for determining mechanical properties of the examined samples (Table 4) .
Like for state T63, also in state T62 the examined alloy did not reveal symptoms of layer corrosion. None of the tested samples was damaged in time t = 1500 h. For this state, the improvement of alloy resistance to stress corrosion was observed, as compared to state T61. Like in the previous case, the stress-corrosion tests have made the basis for determining mechanical properties of the examined samples ( Table 4) .
As a result of alloy tests in state T4, 50 % of the tested samples cracked in time t < 1100 h. The symptoms of layer corrosion were clearly observed on the samples. Figure 10 shows the curve of stress-corrosion durability, while Table 4 collects mechanical properties of the examined samples after stress-corrosion exposition. Analysing the obtained results of testing the effect of heat treatment of the EN AW-AlZn5Mg1,5CuZr alloy on its stresscorrosion resistance leads to the conclusion that for the state T62 (cooling in hot water after heat treatment) the alloy's resistance to stress corrosion was improved with respect to the alloy in state T61 (cooling in cold water).
Like in state T62, the reduced cooling rate after heat treatment (air cooling) in state T63 remarkably improved alloy's resistance to corrosion cracking. Both heat treatments T62 and T63 secured good alloy resistance to corrosion cracking. Moreover, each of given methods of artificial aging after heat treatment eliminated alloy's tendency to layer corrosion.
In the aspect of structural analyses, the resistance of the EN AW-AlZn5Mg1,5CuZr alloy to corrosion cracking is explained as the effect of non-uniform concentration of inter-metallic phases (especially η phase) and different PFZ widths.
In states T61 and T4, the η phase precipitates at grain boundaries have continuous structure, while in states representing higher stress-corrosion resistance (T62, T63) they are not continuous any longer. Moreover, corrosion resistance of the examined aluminium alloy subjected to different cooling procedures after heat treatment increased with the increased width of the PFZ zone.
CONCLUSIONS
Mechanical properties and stress-corrosion resistance of the examined aluminium alloy EN AW-AlZn5Mg1,5CuZr depend remarkably on the applied heat treatment. Artificial aging after heat treatment makes it possible to reach higher conventional yield point R 0,2 , than in case of natural aging. The investigations have indicated low resistance of the alloy in state ta to stress corrosion.
In the examined artificially aged alloys (T6) mechanical properties and corrosion crack resistance depend on the cooling rate after heat treatment (aging conditions were the same for all artificially precipitation hardened states). The higher the cooling rate after heat treatment, the better the mechanical properties and the worse the stress-corrosion resistance.
The type of heat treatment affects the nature of the material structure, especially the concentration and size of inter-metallic phases, and the PFZ width. The increased rate of cooling after heat treatment, followed by artificial aging, lead to the decrease of the PFZ width. The nature of η phase precipitates at grain boundaries also affects the corrosion resistance of the alloy. Moreover, phase precipitates revealing continuous nature worsen alloy's resistance to stress corrosion as well.
That is why the type of heat treatment (in particular the cooling rate after the heat treatment) is to be selected in such a way as to secure simultaneously high mechanical properties and good stress-corrosion resistance of the alloy at relatively low cost of the entire process. In these terms, the best results can be achieved using hot water as the cooling medium after heat treatment (state T62). The heat treatment labelled as T62 makes it possible to obtain good mechanical properties (R m ≈ 440 MPa, R 0.2 ≈ 400 MPa) and stress-corrosion durability (at σ 0 = 320 MPa, t > 1500 h).
After the heat treatment T62, the examined aluminium alloy with Cr and Zr additives had the structure which secured good mechanical properties and high resistance to stress-corrosion cracks. This structure revealed uniform distribution of η phase without continuous precipitates at grain boundaries, along with satisfactory PFZ width, approximately equal to 120 nm. 
